One sentence summary: A fierce competition for fruit sugars in nature is the crucial trigger for novel restructuring of genomes in the quest for new survival strategies.
INTRODUCTION
There is an enormous genetic and phenotypic variation evident in modern yeasts (Dujon et al. 2004 ). Molecular events, at the genetic and genomic level, that have reshaped evolutionary processes in yeasts are well described elsewhere (Wolfe and Shields 1997; Petersen, Nilsson-Tillgren and Piskur 1999; Langkjaer et al. 2000) . Single nucleotide polymorphisms account for the most predominant adaptive novelty, reviewed by Conrad, Lewis and Palsson (2011) . However, large-scale rearrangements (few base pairs to several megabases in size) such as chromosomal and segmental duplication, aneuploidy, inversions and translocations are a major evolutionary driving force. They dramatically alter genomic organization and promptly altering global regulation and expression patterns of a multiple of genes in a metabolic pathway as well as gene dosage (Koszul, Dujon and Fischer 2006; Chang et al. 2013; Hewitt et al. 2014) . Such a radical change in genome structure and organization fuels a significant part in yeast diversification (Anderson and Roth 1977; Adams et al. 1992) . In addition to underlying a swift mechanism of evolutionary adaptation (Hewitt et al. 2014 ), large-scale chromosomal rearrangements have been shown to play a major role in speciation (Delneri et al. 2003) and novelty in drug resistance and virulence seen in pathogenic yeasts (Selmecki, Forche and Berman 2006; Polakova et al. 2009; Morrow et al. 2012; Ahmad et al. 2013) . Understanding the crucial trigger behind the appearance of the novel restructuring events can be translated into methods of how to develop yeasts for novel applications in biotechnology.
Human exploitation of yeasts has been cited to induce environmental constraints subsequently fueling the emergence of genomic rearrangements in yeasts. Examples for this are winery, brewery and bakery environments, as well as the use of drugs and environmentally unfriendly chemicals (James et al. 2008) . Experimentally evolved populations propagated under limiting nutrients or carbon sources have been shown to respond to environmental perturbations using this mechanism (Adams et al. 1992; Dunham et al. 2002; Chang et al. 2013) . However, little is known on the emergence of such evolutionary innovations in natural populations such as feral yeasts, for example, inhabiting ripening and rotting fruits, characteristic of every autumn. Such a sugar-rich ecological niche is characterized by a complex interaction of a multitude of other co-habitants from across the kingdom: bacteria (Thompson 1999; Barata, Malfeito and Loureiro 2012) . One fundamental question is: 'Do such crosskingdom microbial interactions play a role in the wide genetic variation evident in modern yeasts?' Our knowledge of adaptive inventions is limited to experimental evolution with monocultures. Piskur and colleagues (Piskur et al. 2006; Rozpedowska et al. 2011) proposed that the scramble for sudden excess of glucose after the emergence of angiosperms could have reshaped yeast genomes that subsequently triggered the appearance of diverse phenotypes. Ripening of fruits and a subsequent fierce competition for fruit sugars among microbial communities (Rozpedowska et al. 2011; Dashko et al. 2014 ) is short lived suggesting that a swift adaptive mechanism could have been of utmost importance for competitive resource utilization. Experimental co-evolution provides an excellent model to study how large-scale rearrangements leading to diverse phenotypes might arise in nature (Dashko et al. 2014) .
In our previous work, we created a scenario mimicking a natural apple-yeast-bacteria microhabitat by co-culturing Lachancea kluyveri with five species of bacteria under excess glucose and oxygen . Briefly, multiple parallel evolution lines evolved in the presence of bacteria led to the isolation of elevated ethanol producers, MAC strains (named after make-accumulate-consume strategy proposed by Rozpedowska et al. 2011) . In contrast, their counterparts isolated from evolution lines without bacteria, RYT strains (named after the rate-yield-trade-off hypothesis described by Pfeiffer and Morley 2014) exhibited a less fermentative lifestyle. We reported a large number of single nucleotide polymorphisms and metabolic pathways with a significant directional change in gene expression, both being probable reasons for the emergence of diverse phenotypes.
Here we report, how we further subjected the same L. kluyveri evolution lines, stored after 720 generations , to a sixth species of bacteria, Pseudomonas fluorescens. We present here the investigation of the emergence of strains with chromosomal rearrangements (as detected by pulse field gel electrophoresis [PFGE] ). First, the strains were characterized at physiological level to get a clearer picture of the selective advantage of acquiring and maintaining the chromosomal rearrangement as well as metabolic costs in doing so. To be specific, we studied the strains under strictly controlled aerobic conditions and also competed them head-to-head with their parental strain (ancestor) in shake flasks. In addition, we also investigated known and unknown phenotypes using phenotypic microarrays (PM) technology (Bochner, Gadzinski and Panomitros 2001) . Secondly, we combined PFGE, whole genome sequencing (WGS) and quantitative PCR to obtain a more complete picture, at the molecular level, of the type of rearrangement.
MATERIALS AND METHODS

Strains used in this study
As previously reported in our previous work , Lachancea kluyveri, CBS3082 and five bacterial species were sequentially co-cultured. Here, a sixth bacterium was introduced, Pseudomonas fluorescens (NCIMB 10 462), to further evolve the yeast. Saccharomyces cerevisiae (S288c) and Schizosaccharomyces pombe (SJA148) strains were used as standards for karyotyping evolved strains.
Adaptive laboratory evolution experiments
Experimental evolution was done as previously described . Except that in this study we further evolved the cultures from 720 generations by introducing a sixth species of bacteria, sympatric to yeasts, P. fluorescens. Its rapid growth rate was ascertained to exert a stronger selection pressure.
Isolation and karyotyping of evolved strains
From each frozen sample stored after every 80 generations (10 passages), we plated out (diluted to 10 −5 ) cells and randomly selected 10 independent colonies and determined their karyotypes using a CHEF Mapper XA PFGE apparatus (Bio-Rad). The preparation of chromosomal plugs for PFGE was done by standard methods as described before (Petersen, Nilsson-Tillgren and Piskur 1999) . Plugs were run using a multistate program for 110 h (Block 1, 25 h at 1.5 V/cm with a 2700 s pulse time and an angle of 53 • ; Block 2, 25 h at 1.5 V/cm with a 2200 s pulse time and an angle of 60 • ; Block 3, 30 h at 2 V/cm with a 1500 s pulse time and an angle of 60 • ; and Block 4, 30 h at 2.5 V/cm with a 500 s pulse time and an angle of 60 • ) at a constant temperature (14 • C) (Hellborg and Piškur 2009) . Another program to resolve smaller chromosomes was run as follows: 24 h at 6 V/cm with a 60-120 s switch time ramp and an angle of 120
• (see Fig. S1 , Supporting Information). The gels were stained with ethidium bromide before photographing. Signal intensity of chromosomal bands was estimated using the volume tool in the Quantity One software (BioRad) and was normalized to the ancestor (loading control set at 100%). The sequenced L. kluyveri (CBS3082) ancestral strain, S. cerevisiae (S288c) and S. pombe (SJA148) were used as standards to estimate the sizes of novel bands based on the electrophoretic migration distance regression curve.
Fitness assays and competition experiments
Fitness and ethanol yield ratio: From each frozen sample stored, we plated out (dilution ∼10 −3 to 10 −5 ) cells and randomly selected three independent colonies and determined their growth rates and ethanol yields in shake flasks using the ancestral strain as a control. Fitness was calculated as the ratio of growth rates of the evolved strains to that of the ancestor. Ethanol yield ratio was calculated similarly except that it is the ratio based on ethanol yields.
Yeast-yeast competition
Overnight seed cultures of the ancestral yeasts and the evolved 'extra-banded' strains were used to inoculate 25 mL YPD (2% glucose, 0.5% yeast extract and 1% peptone), at a pH of 6.2 in 250 mL baffled-bottom shake flasks at 25
• C at 200 r.p.m in an Infors HT Ecotron shaker unit (Infors HT). We co-inoculated equal densities of the ancestral strain and each of the 'extra-banded' strains (5 ± 0.05 log 10 cfu/mL) independently and then monitored growth and viability for at most 3 days. We dilution plated out samples withdrawn at predetermined time points for analysis using PFGE apparatus and taking advantage of the striking difference in their karyotypes to follow the relative frequencies of the strains in the flasks during growth in competition. A total of 15 colonies from each time point were analyzed. The relative frequencies were calculated by dividing the number of the test strain (extra-banded strains) by the number of the reference strain (ancestor). Competition experiments were done in duplicates and repeated twice.
Batch cultivation in bioreactors
All aerobic batch cultivations were performed in triplicates using Multifors (Infors HT) bioreactors with a working volume of 1 L in minimal media as described before .
Growth kinetics and extracellular metabolite analyses
We monitored cell growth and calculated product yields, maximum specific rates of glucose consumption and production of other metabolites as reported (van Hoek, van Dijken and Pronk 2000) .
PM analysis
A colorimetric method based on tetrazolium redox chemistry (PM technology (Biolog, USA)) that allows the use of an automated instrument (OmniLog) to continuously monitor and measure cellular responses in an array of preconfigured 96-well plates was used (Klausner 1988) . The reduction of the redoxsensitive violet tetrazolium dye and accumulation of purple color in each of the 96 wells over a period of time correlate to cellular respiration (Bochner, Gadzinski and Panomitros 2001) . The inability to function or impaired cellular processes reflected by no growth in wells is evidenced by no change in color as detected by a camera at 15-min intervals.
Strains GEN640, GEN720 * , GEN800, GEN880, GEN960 and the ancestral strain were assayed using the PM technology. To assess the altered phenotypes, we also included a strain derived before the appearance of the novel karyotype, GEN640. 
Whole genome sequencing
Genomic DNA was extracted using methods previously described (Philippsen, Stotz and Scherf 1991) . Cells from GEN800, GEN880, GEN960 and the ancestral strains were grown in YPD until stationary phase and harvested for DNA extraction. Sequencing was done using 100 base paired-end Illumina sequencing, with a mean coverage of ×100. For each sample, the reads were mapped to the reference genome (CBS3082) (Génolevures Consortium et al. 2009 ) with the Burrows-Wheeler Aligner software version 0.7.0 (Li and Durbin 2009) allowing eight mismatches and two gaps. A SAMtools version 0.1.18 (Li and Durbin 2009) was then used to obtain mpileup files. Coverage graph was generated with python and R scripts, by plotting the mean coverage within 1 kb window along the chromosomes. The ancestral genome was previously sequenced .
Quantitative PCR
To identify the chromosome linked to the 'extra-band', DNA from the respective band on the PFGE gel was excised after staining in ethidium bromide and purified using a GeneJet gel purification kit (Thermo Fisher Scientific). DNA products were subjected to real-time quantitative PCR in a RotorGene 2000 cycler using specific primers for genes in the vicinity of the centromere of the sequenced ancestral strain (CBS3082) ( Table S6 , Supporting Information) using SYBR Green qPCR SuperMix. The data were exported to excel and used to compute the copy numbers of genes analyzed. We used two duplicated segmentspecific genes (from sequencing results) (Table S6 ) to verify their presence on the extrachromosomal band. In addition, genomic DNA from the 'extra-banded' strains was also used as a template for qPCR for further verification. Red boxes show exact positions on which relative signal intensity differences of the band corresponding to chromosome D/E were observed. Electrophoretic lanes from cells of initial OD600nm = 10 were used. A lower signal intensity on the lanes with 'extra-banded' strains (big box) (range of 69%−84% of the ancestral strain lane) as compared to the signal intensity on the corresponding band on the ancestral strain lane (small box) (control set at 100%) was observed (see also Fig. S1B ). GEN720 * denotes 'extra-banded' strains isolated at 720 generations previously described as MAC strains , whose values are reported (see also Tables S1 and S2 ).
Karyotype stability tests
We set up a serial transfer dilution method similar to the one used to experimentally evolve yeasts in this study except that we alternated between the rich media (YPD) and minimal media (Verduyn et al. 1992 ) with every transfer cycle. In addition, no bacteria were added to the yeasts. One colony from each of the 'extra-banded' strains was used to initiate a single stability test line. After every 5 passages (40 generations) of 50 passages in total, we stored samples for PFGE analyses.
RESULTS
GEN720 * up until terminal strains harbor an 'extra-banded' karyotype
In our previous study , we reported the establishment of three evolution lines by co-culturing Lachancea kluyveri, with five species of bacteria for only 720 generations in the presence of initially excess glucose. Here we report the isolation of clones after 720, 800, 880 and 960 generations of co-evolution with bacteria designated as GEN720 * , GEN800, GEN880 and GEN960. We investigated the effects of a crosskingdom competition by examining the electrophoretic karyotypes using PFGE. The founding progenitor strain, L. kluyveri (CBS3082), with eight pairs of chromosomes designated as H (2.315 Mb), G (1.737 Mb), F (1.385 Mb), E (1.296 Mb), D (1.289 Kb), C (1.252 Kb), B (1.119 Mb) and A (0.951 Mb) (see Fig. S1A , Supporting Information) was used as a standard (Génolevures Consortium et al. 2009 ). We observed that after 720 generations, a large-scale chromosomal rearrangement event emerged in two out of three evolution lines evolved in the presence of bacteria (designated as GEN720 * ), evidenced by an extra band not found on the lane loaded with the ancestral strain (Fig. 1A ). All control strains evolved in the absence of bacteria retained the ancestral karyotype (results not shown). We therefore describe and name the strains as exhibiting an 'extra-banded' karyotype. The band had a size intermediate between the sizes of the two ancestral chromosomes: G and F. A reasonable assumption of the size puts it at ∼1.6 Mb. In contrast, all strains isolated from three control lines did not acquire the extrachromosomal band either (had ancestral strain-like karyotype). Interestingly, MAC strains conditions. Samples were withdrawn during the exponential growth phase for computing these fermentation parameters. GEN720 * denotes an 'extra-banded' strain isolated at 720 generations to differentiate it from a non-extra banded strain, previously described as MAC strain whose values are reported by Zhou et al. (2017) (see Tables S3). described in our previous study did not have an 'extra-banded' karyotype, suggesting that the two populations probably co-existed at the 720 generations time point (see Figs S1 and S2, Supporting Information). To track down when this karyotype appeared during the course of evolution, we analyzed our frozen stocks and several GEN640 colonies. We found out that this karyotype was not evident in several of these isolates suggesting it appeared after 640 generations. Notably, the 'extrabanded' karyotype was evident and maintained in all terminally derived strains, GEN800, GEN880 and GEN960 isolated after 800, 880 and 960 generations, respectively. In addition, the signal intensity of the chromosomal band corresponding to the co-migrating D/E chromosomes in the last four 'extra-banded' strain lanes (GEN720 * , GEN800, GEN880 and GEN960) was found to be in the range of 69%−84% of the ancestral strain lane (Fig. 1C ). This observed decrease in signal intensity suggested that either chromosome D or chromosome E (with a size difference of 7 kb) (it should be noted that size difference is even bigger when telomeric regions are included) had rearranged. The selective advantage conferred by this karyotype warranted further investigations.
Extrachromosomal band altered the fermentative lifestyle
We next sought to examine the potential selective advantages conferred by the 'extra-banded' karyotype. Physiological impacts of the rearrangement in the adaptive media (YPD) in flasks as well as in fully aerobic environment (bioreactors) in minimal defined media were investigated. Growth rates and ethanol yield coefficients were used as measures of adaptation. The extra-banded strains clustered together based on their increased fitness and ethanol yield ratio in comparison to the ancestral strain in the adaptive media (Fig. 1B) . It is noteworthy that GEN640 without an 'extra-band' karyotype had similar growth kinetics to the ancestor (Fig. 1B ) (see Fig. S3 , Supporting Information). Furthermore, we examined if the benefit of the 'extra-banded' karyotype was similar across conditions divergent from the optimal (adaptive media). To do so, we computed the growth kinetics of the strains grown in minimal media under fully controlled aerobic conditions (alternative environment) in bioreactors ( Fig. 2 and Tables S3-S4, Supporting Information). Our results show that growth rates were on average 0.91 ± 0.02 times slower than the ancestral strain in all four 'extra-banded' strains. These strains, however, produced ethanol on average 1.39 ± 0.11 times higher at the expense of on average 0.78 ± 0.05 times reduction in biomass compared to their ancestor. In addition, these strains consumed glucose on average 1.20 ± 0.1 times faster, accumulated ethanol on average 1.52 ± 0.15 times faster, accumulated glycerol on average 3.70 ± 0.17 times higher, and accumulated pyruvate on average 0.52 ± 0.01 times lower than the ancestral strain, respectively ( Fig. 2A-C) . Their respiratory coefficient (RQ) increased on average 1.52 ± 0.06 times, with CO 2 production rate increased on average by 1.36 ± 0.13 times whereas the O 2 consumption rate was reduced on average by 0.85 ± 0.06 times as compared to the ancestral strain ( Fig. 2C and D) . We, however, noted that these strains did not accumulate acetate (Fig. 2E) . The discontinuation of acetate production was not exclusive to the 'extra-banded' karyotype, as it was also evident in our MAC strains . Most of the fermentation kinetics of each of the 'extra-banded' strains were significantly different from those of the ancestral strain ((t-test; α = 0.05) (Table S4 , Supporting Information)).
The clustering of 'extra-banded' strains into one group based on similar fermentation kinetics and fitness irrespective of the environment tested warranted further investigations into the origin of the rearrangement. We suspected that the chromosomal rearrangement was of similar origin and probably became fixed in the terminal populations. Analysis of variance on fermentation kinetics among 'extra-banded' strains shows that there was no evidence suggesting that the strains were from independent lineages in seven out of nine parameters tested (α = 0.05) (Table S4 ). Thus, in conclusion, the novel karyotype emerged after around 720 generations of cultivation with bacteria; and probably became the dominant population.
'Extra-banded' strains outcompete parental strain Extra-banded strains were superior in many aspects such as rates of growth and relative fitness (Fig. S3 , Supporting Information), and carbon source utilization as well as products accumulation (Fig. 2 ) explaining why they were dominant to exclude ancestral-like genotypes.
However, we further investigated the differences between the two genotypes during the course of a full growth cycle, also known as the competitive ability (head to head), important for ecological superiority and prevention of extinction in nature (Cooper 2006; Foster and Bell 2012) . A batch culture was initiated with equal frequencies of both the ancestral strain and each of the 'extra-banded' strains, and their relative abundances were followed until the stationary phase was reached (Fig. 3A) (see also Fig. S4A , Supporting Information). We took advantage of the extrachromosomal band as a distinguishing karyotype when samples were analyzed using a PFGE apparatus to estimate relative proportions of the competing strains. Our results showed that there was on average 1.35 ± 0.11 times higher proportion of the ancestral strain after 9 h of incubation when co-cultured with any of the 'extra-banded' strains. After this time point, we noted a steady increase in frequencies (on average 0.06 ± 0.01 per hour) of all extra-banded strains, where the ancestral strain exhibited a decrease of a similar magnitude until it was hardly detectable after 20 h in all the co-cultures (see Fig. S4 ). Based on our observations, we concluded that the novel karyotype and superior fermentative lifestyle conferred a selective advantage.
PM analyses indicate that evolution induced the emergence of new traits
The emergence of counter trade-offs in alternative environments divergent from the optimal is common in experimentally evolved populations (Cooper 2006; Wenger et al. 2011) . Therefore, GEN640, GEN720 * , GEN800, GEN880 or GEN120 are shown in the respective order. (F) and (L) show overall plate plots of all strains in 95 carbon sources and osmolyte panels respectively with each curve representing data from one strain. Based on color development when a tetrazolium dye was reduced, growth kinetics, obtained using an OmniLog instrument, was superimposed using the OmniLog software. All evolved strains (including the non-extra-banded) are recorded as green tracing whereas the ancestral strain is in red tracing. When the tracings were overlaid, red and green color overlaps produce a yellow color meaning that the strains were virtually identical. If the evolved strain was metabolically active translating to a growth advantage in contrast to the ancestral strain, its corresponding box in the chart is indicated by green whereas the opposite is true for the ancestral red chart. Black and white boxes around a well show phenotypes that were significantly different between the evolved strain and the ancestral strain. Black box indicates that the ancestral strain had a significant growth advantage over the other strains, whereas a white box indicates the superiority of the evolved strains. Two independent assays were performed. Significant changes meant a difference of a redox signal of 50 in PM1, whereas in PM9 plates a change in a redox signal of 30 was considered significant. These significant phenotypic changes are also shown as individual well plots in Figs S5-S9. A map of contents of each well is available online (http://www.biolog.com) or http://www.biolog.com/pdf/pm lit/PM1-PM10.pdf (accessed 29 March 2017).
we were further prompted to determine if the fitness gains conferred by the 'extra-banded' karyotype would be of any benefit or disadvantage in other conditions. In search of the unexpected as well as expected phenotypes that could have emerged as a result of the novel karyotype, we employed a high-throughput technique, PM technology, Biolog (see Materials and Methods section for details). Figure 4 is a graphical depiction of growth kinetics from each of the 96-well plate representations of signal output (y-axis) plotted against time (x-axis) over a period of 82 h. The figures show phenotypic variations of the strains in 95 different carbon sources (PM1) (Fig. 4A-F) as well as in responses to osmotic stress (PM9) (Fig. 4G-L) .
Rewired carbon metabolism
PM analyses in the carbon utilization panel (PM1) (Fig. 4A-F) suggest that the evolved strains (both GEN640 and the 'extrabanded' strains) had a significant growth advantage in 34 out 95 (see Fig. S5 , Supporting Information) carbon sources and a growth disadvantage in 20 out of 95 carbon sources when compared to their ancestor (see Fig. S6 , Supporting Information). Although GEN640 had a growth disadvantage in these 20 out 95 carbon sources when compared to the ancestral strain (see Fig.  S6 ), it performed better than the extra-banded strains in 10 out 95 carbon sources (see Fig. S7 , Supporting Information). There were no significant differences between the evolved strains and the ancestor in 23 out 95 of the conditions tested, whereas in the rest of the wells the signal was either not detectable or was below that of the control (cells without growth curves) (Fig. 4A-F) . All evolved strains completely lost the ability to utilize D, L-malic acid, L-alanyl-glycine and fumaric acid (Fig. 4A-F ) (see Fig. S6 ). Although the 'extra-banded' strains lost the ability to grow on L-asparagine and L-glutamine as sole carbon sources, a trait that was retained by GEN640 (Fig. 3B-F, Fig. S7F-G) , they were the only evolved strains that grew in the presence of Lthreonine as a sole carbon source (see Fig. S8 , Supporting Information). The loss in their ability to utilize these carbon sources that could be utilized by their ancestor suggests a trade-off probably obviated by harboring a large-scale genetic rearrangement. In addition, GEN640 had a significant disadvantage in utilizing D-cellobiose as compared to the extra-banded strains although there was not difference in other carbon sources tested (see Fig. S8 ).
Notably, D-glucosaminic acid, a non-metabolizable analog of glucose (Kunz and Ball 1977) , did not support growth for all the strains as expected (Fig. 3B) . However, significant utilization of N-acetyl-D-glucosamine as compared to evolved strains suggests that the ancestral strain is less stringently glucose repressed ( Fig. 3C) (Jarosz et al. 2014b ). The catabolite repression phenotype was further investigated by using glucosamine supplemented with maltose. GEN640 and the ancestral strain were not glucose repressed in contrast to the extra-banded strains (Fig. 3D) .
Emergence of stress-tolerant traits
PM analysis in the osmolytes' sensitivity panel (PM9) (Fig. 4G-L) further suggested the emergence of adaptive phenotypes (black and white boxed wells) (see also Figs S8 and S9, Supporting Information). Although there were no growth advantages apparent for either of the evolved strains or the ancestor in the majority of the wells, the former exhibited an active metabolism with a significant difference as compared to the ancestor in media containing 10% NaCl, 11%-12% sodium lactate, 4%-6% KCl and 3%-4% sodium formate (Fig. 4G-L ) (see also Fig. S9 ). In contrast, the evolved strains showed a growth disadvantage in media supplemented with 40 mM sodium nitrite, 2%-3% sodium sulfate, 15% ethylene glycol, 6% sodium formate, 10-100 mM ammonium sulfate and 40-60 mM sodium nitrite (Fig. 4G-L ) (see also Fig. S10 , Supporting Information). None other than the evolved strain without the 'extra band' was significantly resistant to 7% urea supplemented media (Fig. 4G) .
Overall, we noted that the 'extra-banded' strains clustered together based on similarity in their redox responses. Although in most cases there was no difference in phenotype between GEN640 and the extra-banded strains, some noted differences in fermentative capabilities, catabolite repression phenotype and the ability to utilize some carbon sources and not others, and loss of some metabolic traits suggests the influence of the rearrangement event.
Emergence of glucose repression phenotype
With the intent to confirm our findings on the emergence of new metabolic traits, we further investigated the PM results using spot test assays. Interestingly, when supplementing glucosamine with 2% maltose instead of the acetylated glucosamine in the PM1 panel, we noted that the extra-banded strains were inhibited for more than 10 days by glucosamine but GEN640 and the ancestral strain were not, suggesting an 'extra-band-specific' phenotype (Fig. 4D) . Surprisingly, PM analysis showed that the ancestor was disadvantaged in maltose (Fig. 4E) . Furthermore, after 25 days we noted that countable colonies were beginning to emerge suggesting that strains had switched to maltose as an alternative carbon source after prolonged periods of sensing glucosamine as glucose typical of a glucose repression trait reported elsewhere (Jarosz et al. 2014b) .
Despite such strikingly significant differences in the phenotypes tested, the genetic events that underlie the novel karyotype detected by PFGE remained so far unknown.
A segmental duplication and translocation event led to an 'extra band'
As detected using PFGE, the 'extra band' was due to a large-scale genomic rearrangement. We also had observed that there was a lower signal on the band corresponding to that of co-migrating chromosomes D and E (see Fig. S1B ). As the conferred phenotypic selective advantage was similar in all the extra-banded strains, we further suspected that karyotype was not of independent origin but was fixed and maintained even 240 generations after its emergence. We performed WGS to reveal the genetic mechanism behind the novel karyotype. We sequenced the ancestral strain and three terminal longitudinal strains: GEN800, GEN880 and GEN960. Figure 5 shows sequence coverage results highlighting a higher coverage on the right arm of chromosome H in the 'extrabanded' strains (GEN800, GEN880 and GEN960) not found on the ancestral strain coverage plot. It should be noted that the right arm of chromosome H is not different, in terms of GC content, to the rest of the genome to suggest any sequencing bias as reported elsewhere (Payen et al. 2009 ). Therefore, the regions varying close to twice the mean coverage on the right arm of chromosome H suggest segmentally duplicated portion. Further analysis revealed that a 261-kb segment was duplicated. Although we identified this large-scale segment originating from chromosome H, there was no correlation whatsoever when we analyzed our PFGE results. One would have expected that chromosome H from the 'extra-banded' strains became 261 kb heavier but that was not the case. In addition, the extrachromosomal band we had identified was about 1.6 Mb (see Fig. S1 ). The most parsimonious and straightforward explanation would be that the segment was translocated elsewhere in the genome to logically account for the novel band. Did a 1.3-Mb chromosome 'annex' the 261-kb segment to account for a 1.6-Mb extra band?
Our results from the investigation of the signal intensity of the chromosomal bands after running PFGE suggested that the co-migrating 1.3-Mb-sized D or E chromosomes may have been involved in the rearrangement event. Although this prediction lead to the chromosome that had 'annexed' the duplicated segment, we still had two candidate chromosomes leaving the mystery still unresolved.
We then excised and purified the 'extra band' and measured copy numbers of centromeric genes of either chromosome D (DOM34) or E (RRP6) ( Table S6 ) using quantitative PCR. Our results showed that we had a 10-fold more copy numbers of chromosome E as compared to the band excised from the ancestral lane (control) (see Fig. S11 , Supporting Information) whereas no signal of DOM34 was evident. We thus confirmed that chromosome E was involved. Additionally, we also amplified two genes, found on chromosome H (ACO1 and CBP2), located at opposite ends of the stretch of the duplicated segment and confirmed their presence on the excised band. An illustration of a probable rearrangement scenario is shown in Fig. 6 . . Extra-banded karyotype was due to a duplication of a chromosomal segment. Segmentally duplicated parts on the right arm of chromosome H were apparent as regions varying close to twice the mean coverage. A reduced coverage can also be observed for the left arm of chromosome C, which is known to be GC rich (Payen et al. 2009 ): this phenomenon can be attributed to the GC content bias associated to the sequencing technology (Benjamini and Speed 2012) . The same pattern is not observed for all the samples due to use of different sequencing platforms.
Which genes are found on the duplicated and translocated segment and what selective advantages do they confer?
In sequencing the 'extra-banded' strains, we hoped to reveal the full complement of the genetic rearrangements that led to a novel karyotype that conferred new metabolic traits. The ancestral strain used to initiate evolution experiments has a completely sequenced and annotated genome (http://gryc.inra.fr/) (accessed 07 June 2017), which allows us to precisely list the genes encoded on the duplicated segment that probably underlie the phenotype changes described in this study. A total of 116 genes with orthologs to Saccharomyces cerevisiae found on the duplicate segment are listed in Table S7 (Supporting Information). Here we focused on genes involved in carbon metabolism pathways and those associated with stress response, which could have conferred the phenotypes we described.
A total of 10 genes involved in carbon metabolism were found on the duplicated segment. TDH2 encoding an oxidoreductase involved in glycolysis (McAlister and Holland 1985) , ACO1 encoding an aconitase important in the TCA and glyoxylate pathway (Gangloff, Marguet and Lauquin 1990) , and SDH2 encoding a succinate dehydrogenase (Chapman, Solomon and Boeke 1992) . GUT1, encoding a glycerol kinase, SNF6 (sucrose non-fermenting gene) and SAK1 are genes involved in glucose repression (Neigeborn and Carlson 1984; Grauslund, Lopes and Ronnow 1999; Kayikci and Nielsen 2015) . We also noted that three genes encoding cytochrome c oxidases, respiratory chain enzymes, COX4, COX13 and COX19, were also duplicated.
On the other hand, six genes important for stress tolerance were also found to be part of the duplicated genes. FPS1, a gene encoding an aquaglyceroporin responsible for glycerol transport under osmotic perturbations enabling yeasts maintaining a stable osmotic equilibrium (Van Aelst et al. 1991) ; HSP104, a vital gene important for heat, osmotic and other stresses; WSC4, involved in the secretory pathway of soluble proteins suggested to be involved in the environmental stress resistance (Zu, Verna and Ballester 2001) ; SBP1, involved in repression of translation under glucose starvation stress (Segal, Dunckley and Parker 2006) ; FET3, encoding a multicopper oxidase whose abundance increases in response to DNA replication stress (Hassett, Yuan and Kosman 1998) ; and ATG10, an important gene mediating critical steps in autophagy and cytoplasm-to-vacuole targeting pathways (Tsukada and Ohsumi 1993) .
Whether all these genes on the duplicated and translocated segment confer any adaptive benefit remains unknown. For example, a gene important in growth on glycerol, GUT1, encoding a glycerol kinase (Mortimer, Contopoulou and King 1992) , was among the duplicated genes but the growth disadvantage observed in glycerol under PMs suggests that its duplication was not beneficial.
How stable is this duplicated segment?
Most adaptive segmental duplications are lost with varying rates in the absence of a selection pressure associated with the duplication (Koszul, Dujon and Fischer 2006) . We checked the stability of the duplicated segment using a serial dilution transfer method in the absence of a bacterial selection pressure. Samples were taken after every five passages alternating between rich (YPD) and defined minimal media (Verduyn et al. 1992) , and then we investigated the stability/persistence of the novel karyotype using PFGE. We can show that the duplicated chromosomal segment remained stable beyond 50 passages (500 generations) (see Fig. S12 , Supporting Information), suggesting that the karyotype was fixed and stably inherited.
DISCUSSION
Modern yeasts exhibit an enormous genetic and phenotypic variation (Dujon et al. 2004) . Human activities are cited as a crucial factor responsible for genetic variation among Saccharomyces cerevisiae strains (Liti et al. 2009) or pathogenic strains, Candida spp. (Ahmad et al. 2013; Chang et al. 2013) as well as indirect effects due to interference in natural ecosystems other than natural adaptation. However, little is known about how genomes of yeasts primarily associated with pristine environments or those whose association with human beings is not well documented are evolving.
In our previous studies, (Piskur et al. 2006; Rozpedowska et al. 2011; Dashko et al. 2014; Zhou 2015; Zhou et al. 2017) , we discussed about how yeasts could have restructured their genomes in their life history when angiosperms emerged ∼150 million years ago. Certainly, most habitats that support yeasts do support the entire microbiota. In such complex communities, crosskingdom co-habitants interact and evolve (Thompson 1999; Sexton et al. 2009 ). We proposed that a cross-kingdom competition for excess glucose when fruits ripen every autumn could have led to the extensive genetic and phenotypic variation we see in some fruit-associated yeast species. Other inhabited sugar-abundant niches such as guts of fruit-juice feeding insects, for example, have also been reported as conducive environments for such innovations (Dillon and Dillon 2004; Chandler et al. 2011) . By reconstructing a probable ancient environment under laboratory conditions, imitating a sugar-rich environment such as fruits and fruit surfaces and vineyards (Barata, Malfeito and Loureiro 2012) , we wished to illuminate on how new phenotypes can emerge in nature.
How fierce are bacteria in sugar-abundant niches? In addition to competing for the carbon source, bacteria have evolved aggressive adaptive niche reconstruction mechanisms such as secretion of antifungal compounds, as probably as strategies to gain a competitive advantage over others (Crowley, Mahony and van Sinderen 2013; Callahan, Fukami and Fisher 2014) . A major consortium of bacteria inhabiting fruits, comprising acetic acid and lactic acid bacteria (LAB), accumulate weak organic acids such as acetic, lactic and propionic acids and carboxylic acids that freely pass through yeast membranes and inhibit normal cell metabolism, and eventually lead to cell death (Ingram 1976; Lambert and Stratford 1999; Arneborg, Jespersen and Jakobsen 2000; Ludovico et al. 2001; Ross, Morgan and Hill 2002; Beckner, Ivey and Phister 2011) . LAB species also produce long-chain fatty acids, which partition the lipid bilayer of yeast membranes culminating in a loss of cell membrane integrity (Crowley, Mahony and van Sinderen 2013) . Examples of fatty acid fungicidal effects due to leakages of cell contents have been documented in Candida albicans, Penicillium and Aspergillus species (Bergsson et al. 2001; Ndagano et al. 2011) . It is also noteworthy that even quorum-sensing cyclic dipeptides produced by LAB have antifungal properties against Aspergillus fumigatus, Penicillium roqueforti and Kluyveromyces marxianus (Strom et al. 2002) . In addition, some soil bacteria such as Pseudomonas fluorescens and Streptomyces species have been reported to secrete mitochondrial and electron transport chain impairing metabolites, such as 2,6 diacetylphloroglucinol and oligomycin, respectively (Charton et al. 2004; Gleeson, O'Gara and Morrissey 2010) . Soil-borne Enterobacter and Serratia genera secrete chitinases that degrade fungal cell walls leading to weakened cell wall integrity and eventually cell death (Chernin et al. 1997) .
Although cooperative associations that facilitate coexistence exist in nature (Little et al. 2008; Elias and Banin 2012; Mee et al. 2014) , competition culminating in 'selfish' strategies is widespread (Hibbing et al. 2010; Foster and Bell 2012) . If non-cooperative mechanisms engineered to disfavor yeast are exploited, how then do yeast respond? We can assume based on our findings that 'selfish' strategies have evolved due to ecological cross-kingdom interactions in natural wild environments. Such an evolutionary driving force has substantial implications in generation of genetic diversity among populations. Here we show that a large-scale chromosomal rearrangement involving the duplication of a 261-kb long segment underlies the emergence of new metabolic traits conferring an increased fitness and fermentative capacity.
In contrast to this study, positive interactions have been reported where bacteria that consume glucose produced by cooperator cells during sucrose degradation drove evolution towards cooperative phenotypes (Celiker and Gore 2012) . A somewhat similar finding in which bacteria secrete a prion that circumvents the ethanol-accumulating metabolic trait of yeast to create a more hospitable niche for themselves has also been described (Jarosz et al. 2014a,b) . Our findings reconcile with the latter study only during the initial stages of evolution when we noted an initial decrease in fitness and ethanol yields to levels below those of the ancestral strain (see also Zhou et al. 2017) . Later stages characterized by an increase in both parameters after extended exposure to bacteria suggest an alternative outcome. We can speculate that short term of co-incubation is probably not enough time for both organisms to reach evolutionarily stable strategies upon an encounter with a cross-kingdom competitor.
Acquisition of new heritable traits conferring evolutionary success is a proven concept. Based on a high-throughput technique, PMs, as well as spot tests, our results suggest that the acquisition of a stringently glucose-repressed phenotype may have played a role in adaptation. Accordingly, we noted an inability to utilize an alternative carbon source in the presence of a non-metabolizable analog of glucose, glucosamine (Kunz and Ball 1977) . Previous studies have shown that the ancestral strain used in this study, Lachancea kluyveri (CBS3082), preferentially accumulates biomass over ethanol, and is thus under less stringent glucose repression (Moller et al. 2002) . We further show that the evolved strains accumulate more ethanol at the expense of biomass synonymous with a predominant alcoholic fermentation lifestyle of glucose-repressed yeasts (Carlson 1999) . The greater stringency of glucose repression observed here fits well to the observed higher extent of specialization for ethanol production in our long-term competition experiment (Moller et al. 2002) .
Numerous observations of adaptive gene duplications leading to increased fitness have been reported in response to stressful environments (Stark and Wahl 1984; Riehle, Bennett and Long 2001) and nutrient limitations (Brown, Todd and Rosenzweig 1998; Chang et al. 2013) . Combining this information with our observation that duplicated genes increase gene dosage fueling adaptation (Kondrashov et al. 2002) , we ascertained that the genes encoded on the duplicated segment were consistent with their importance in carbon utilization and stress tolerance. We reasoned that keeping duplicate copies of essential genes would be selectively beneficial in the presence of bacteria. Indeed, yeasts with a higher capacity to consume the available carbon source as well as those with a greater stress resistance should have a higher fitness translating into evolutionary success (Piskur et al. 2006; Rozpedowska et al. 2011) .
We cannot exclude that this large-scale rearrangement may have been non-adaptive and just probably hitchhiked to higher frequencies in the population with the aid of beneficial mutations harbored on a single or a multiple gene(s) on the segment (Smith and Haigh 2007) . However, the maintenance of the 'extra-banded' karyotype for prolonged periods of time suggests that the karyotype was not transient but rather selectively maintained and eventually fixed in the population, as described elsewhere (Adams et al. 1992) . Populations with non-selective adaptations appear for very short periods of time (<50 generations) before populations with more beneficial mutations replace them (Paquin and Adams 1983; Adams et al. 1992) . Our study shows that this karyotype remained dominant for 240 generations (which is five times the 50 generations reported by Adams et al. (1992) suggesting a very stable karyotype). In addition, a higher relative frequency exhibited by the extra-banded strains when competed head-on against their ancestral counterparts is suggestive of a strong selective advantage. There is a possibility that beneficial mutations that could have appeared in the earlier stages of evolution conferred selective advantage. Although selection-driven genetic rearrangements are known to be lost when the selection pressure associated with adaptive phenotype is removed (Koszul, Dujon and Fischer 2006) , here we show that the duplicated segment was stable after 50 passages in the absence of bacteria. These findings match the observation that large duplicated segments are significantly stable if they are translocated to another chromosome (Koszul, Dujon and Fischer 2006) .
In agreement with the findings by Jarosz et al. (2014a,b) , our study suggests that cross-kingdom interactions trigger the emergence of new metabolic traits. However, our study suggests that these phenotypic changes were at the genetic level as compared to the epigenetic prion induction phenotype they described. Is this genomic plasticity evolutionarily conserved among diverse relatives of L. kluyveri or just an artifact from our laboratory evolution adaptations? We have extensively assayed 17 yeasts from a wide phylogenetic background, evolved with the same approach (Zhou 2015) , and we detected largescale genomic rearrangements in a third of the total number of yeasts grown under a bacterial challenge; Dekkera anomala, Brettanomyces custersianus, D. bruxellensis, Candida glabrata, L. thermotolerans, Kluyveromyces nonfermentans and Torulospora franciscae. Although the mechanisms are so far not fully described, results derived from yeast-bacteria competition experiments shed light on how genetic diversity in budding yeasts may have evolved (Zhou 2015) .
Given that there were many genes encoded on the duplicated segment, future work will be needed to pin down one or a few genes specifically conferring the emergence of specific adaptive traits.
Finally, we conclude that our experimental approach contributes towards the understanding ecological processes that triggered the phenotypic diversification in yeasts. It is noteworthy that similar several mechanisms of microbial adaptation culminating in alterations in gene dosage, loss of function and emergence of novel traits in nature or in experimentally evolved populations have been reported elsewhere (Conrad, Lewis and Palsson 2011; de Kok et al. 2012) . However, most of these experiments addressed the evolutionary diversity of single species in isolation, which does not take into account complex ecological battlefields or niches. Although our strategy does not address the complexity of a more than two-species competition typical in natural ecosystems, we show to the best of our knowledge for the first time that a two-species cross-kingdom competition induces new adaptable metabolic traits through a large-scale rearrangement event. Most industrially relevant strains are known to be heterogeneous and thus our results encourage using this experimental setting for non-GMM development of strains. We advocate the reconfiguration of this experimental setup to optimize the efficiency of substrate utilization in yeasts as well as strategies to study microorganisms and their roles in complex industrial processes such as mixed culture fermentations.
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